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Several polypeptide products of MHV-A59 ORF 1 a were characterized in MHV-A59 infected DBT cells, using antisera 
directed against fusion proteins encoded in the first 6.5 kb of ORFla. These included the previously identified N-ter- 
minal ORF 1 a product, ~28, as well as 290-, 240-, and 50-kDa polypeptides. P28 was always detected as a discrete 
band without larger precursors, suggesting rapid cleavage of p28 immediately after its synthesis. Once p28 was 
cleaved there was little degradation of the protein over a 2-hr period. The intracellular cleavage of p28 was not inhibited 
by the protease inhibitor leupeptin, in contrast to results obtained during in vitro translation of genome RNA (Denison 
and Perlman, 1986). These data suggest that different protease activities may be responsible for the cleavage of p28 in 
vitro and in Go. The 290-kDa protein was an intermediate cleavage product derived from a precursor of greater than 
400 kDa. The 290-kDa product was subsequently cleaved into secondary products of 50 and 240 kDa. The intracellular 
cleavage of the 290-kDa polypeptide was inhibited by leupeptin at concentrations which did not inhibit the early 
cleavage of p28 or the cleavage of the 290-kDa product from its larger polyprotein precursor. In the presence of zinc 
chloride, a product of >320 kDa was detected, which appears to incorporate p28 at its amino terminus. This suggests 
that at least two protease activities may be necessary for processing of ORFl a proteins, one of which cleaves p28 and 
is sensitive to zinc chloride but resistant to leupeptin, and the other which cleaves the 290-kDa precursor and is 
sensitive to both inhibitors. Both the 290- and 240-kDa proteins should contain sequences predicted to encode two 
papain-like prOtesS? activities. 0 1992 Academic PVE.S. Inc. 

INTRODUCTION 

Mouse hepatitis virus (MHV), a murine coronavirus, 
contains the largest known viral RNA genome, a 31 -kb, 
nonsegmented, single-stranded RNA of positive polar- 
ity (Pachuk er al., 1989; Lee et a/., 1991). The replica- 
tion strategy of MHV includes the transcription of a 
full-length negative-strand RNA from the input genome 
RNA, as well as the synthesis of subgenomic mRNAs. 
The subgenomic mRNAs form a 3’ coterminal (nested) 
set of seven RNAs (including genome length RNA) 
which extend varying distances in the 5’ direction. It is 
thought that only the 5’ most gene of each RNA is 
translated into protein. Gene 1 of MHV-JHM, a virus 

’ To whom reprint requests should be addressed at Elizabeth B. 
Lamb Center for Pediatric Research, Department of Pediatrics, Van- 
derbilt University Medical Center, Nashville, TN 37232-2581. 

* Current address: Department of Neurology, Thomas Jefferson 
University, Philadelphia, PA 19107. 

3 Current address: Department of Microbiology, University of 
Pennsylvania, Philadelphia PA 19104. 

strain closely related to MHV A59, has been se- 
quenced and found to be 2 1,798 nt in length (Lee eta/., 
1991). It contains two open reading frames, ORF 1 a 
and ORF 1 b, which overlap by 75 nt, with ORF 1 b in the 
-1 frame with respect to ORF la. A signal sequence 
present in this overlap region and a downstream pseu- 
doknot formation can direct the ribosome to shift from 
the ORFl a to the ORFl b coding frame (Breedenbeek 
et a/., 1990; Lee et al., 1991). Thus, gene 1 could po- 
tentially be translated into a polyprotein of >750 kDa. 

Gene 1 most likely encodes the RNA-dependent 
RNA polymerase and other functions necessary for 
coronavirus RNA replication. MHV, like other positive- 
strand RNA viruses, does not contain a polymerase 
activity within the virion and must translate it from the 
input genome RNA. It is postulated, also by analogy to 
other positive-strand RNA viruses, that gene 1 is trans- 
lated soon after infection into proteins containing 
various activities necessary for transcription and repli- 
cation. Consistent with this model, in vitro translation 
of genome RNA results in only gene 1 products being 
detected (Leibowitz eta/., 1982; Denison and Perlman, 
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1986). Further, gene I of the murine coronaviruses 
A59 and JHM, as well as of the avian coronavirus, IBV, 
has been shown to contain sequence motifs predicting 
polymerase, helicase and nucleotide triphosphate 
binding activities (Boursnell eta/., 1987; Gorbalenya eT 
a/., 1989; Breedenbeek et a/., 1990; Lee et al., 1991). 

Genome RNA of MHV has been translated in vitro in 
a rabbit reticulocyte lysate, yielding a variety of polypep- 
tides encoded in ORF I a, including the N-terminal prod- 
ucts p28 and ~220, as well as ~250, a precursor of p28 
and ~220. P250 is detected only in the presence of 
protease inhibitors (Leibowitzetal., 1982; Denison and 
Perlman, 1986). Cleavage of ~28, the extreme N-ter- 
minal ORF la product, is a delayed event in vitro, re- 
quiring a precursor of at least 160 kDa to be translated 
before cleavage occurs (Denison and Perlman, 1986; 
Soe et al., 1987; Baker et a/., 1989). The cleavage of 
p28 in vitro may be autoproteolytic, effected by a pro- 
tease activity encoded in the first 3.9-5.3 kb of ORF 1 a 
(Baker et al., 1989). More recent analyses indicates 
that this portion of MHV-JHM ORF la contains two 
distinct regions, predicted to encode papain-like pro- 
teases, and it has been suggested that one of these 
regions may be important in p28 cleavage (Baker et al., 
1989; Lee et al., 1991). 

Identification of gene 1 products and characteriza- 
tion of their processing and respective functions has 
been difficult to achieve in MHV-infected cells, proba- 
bly due to a lack of effective antibodies. None of the 
protease, polymerase, helicase or metal binding activi- 
ties predicted by analysis of the gene 1 sequence have 
been detected in viva (Gorbalenya er a/., 1989; Lee et 
al., 1991; Denison et a/., 1991). To this point the only 
gene I product identified in MHV-A59-infected cells 
has been ~28, which was detected at late times after 
infection by two-dimensional protein gel electrophore- 
sis (Denison and Perlman, 1987). The kinetics and 
cleavage reaction of p28 in viva were not investigated 
in that report. 

It is important to define the pattern of translation and 
processing of ORF 1 a, as well as the specificity of any 
cleavage events which may occur in order to better 
understand the number and type of proteases which 
may be active in coronavirus replication, as well as to 
characterize the polymerase activities. We have used 
antisera against proteins encoded in ORF 1 a to detect 
putative polymerase gene products. In this report we 
describe the intracellular synthesis and processing of 
p28 and other ORF la polypeptides in MHV-infected 
cells. We have characterized the kinetics of synthesis 
of these products, their precursor-product relation- 
ships and the sensitivities of the cleavage reactions to 
protease inhibitors. Our results suggest that the intra- 
cellular ORF 1 a products may be substantially different 

from those identified from in vitro translation of ge- 
nome RNA, and that more than one protease activity 
may be necessary for the processing of ORF 1 a trans- 
lation products. 

MATERIALS AND METHODS 

Infection of DBT cells with MHV A59 

Confluent monolayers of DBT cells were infected 
with MHV-A59 in 60-mm petri dishes at an m.o.i. of IO 
PFU/cell in DMEM 2% FCS for 30 min at 37”. Excess 
virus and media were removed and the cells were incu- 
bated in DMEM without methionine (GIBCO) with 2% 
FCS for the remainder of the experiment. Actinomycin 
D (Sigma) was added to the media at 2 hr postinfection 
(pi) to a final concentration of 10 pg/ml. Polypeptides 
were labeled with [35S]methionine (Translabel-ICN) at a 
concentration of 200 $Zi/ml for periods as indicated in 
individual experiments. Label was added at 7.5 hr pi 
unless otherwise indicated. The duration of incubation 
with label varied by experiment, but generally I .5 to 2 
hr gave maximum incorporation of label into in viral 
polypeptides. 

Synchronization of translation in virus-infected cells 

Initiation of translation was blocked by increasing 
the NaCl concentration in the overlying medium by 200 
mM above that contained in DMEM (GIBCO), as de- 
scribed by Saborio et al. (1974). Under usual condi- 
tions, the cells were incubated in the hypertonic NaCl 
for 30 min, before replacing the high salt medium with 
isotonic medium containing [35S]met. 

Preparation of whole cell lysates of A59-infected 
cells 

At the times indicated in individual experiments, the 
media was removed and the cells were placed on ice, 
washed twice with 150 mM Tris-HCI, pH 7.4, and 
swollen in 10 mM Tris-HCI, pH 7.4, for 30 set on ice. 
Following removal of the 10 mM Tris, the cells were 
lysed by the addition of 300 PI/plate (2.5 X 1 O6 cells) of 
a solution containing 1% NP40, 1% sodium deoxycho- 
late, 1% SDS, 150 mM NaCI, and 10 mM Tris, pH 7.4 
(Buffer A). Phosphonomethylsulfonylflorone (PMSF, 
Sigma) (80 pg/ml) was added to the lysis buffer immedi- 
ately prior to use. After incubation on ice for 3 min and 
observation for complete lysis, lysates were frozen at 
-70” until use. 

Preparation of antibodies for immunoprecipitation 

The polyclonal anti-peptide serum ((~p28p) was 
raised in a rabbit against a 14 amino acid synthetic 
oligopeptide (amino acids 25 to 38 from the initiating 
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methionine of JHM ORF 1 a), which is within the region 
coding for p28 (Table 1). In addition, polyclonal anti- 
sera directed against polypeptides encoded in the first 
6.5 kb of ORF 1 a (antisera 81043 and 600A) were also 
utilized. These antisera were raised in rabbits using as 
an immunogens procaryotic/viral fusion proteins (Zol- 
tick et a/., 1989; Denison et al., 1991). The locations of 
the cDNAs encoding the fusion proteins used to raise 
these antisera are shown in Table 1. The hybridoma 
cell line secreting antibodies against the S protein 
(JA3.10) was obtained from Dr. John Fleming at the 
University of Wisconsin. The hybridoma cell line, 
1.16.1, secreting antibodies against N (nucleocapsid) 
was used as previously described (Denison et a/., 
1991). Antibodies were prepared for immunoprecipita- 
tion reactions by binding them to Protein A(PrA)-Seph- 
arose beads (Sigma) in 1 ml of an immunoprecipitation 
buffer, identical to the lysis buffer but containing only 
0.1% SDS (buffer B). For individual immunoprecipita- 
tion reactions, 5 ~1 of the polyclonal antisera or 50 ~1 of 
the monoclonal antisera were incubated with 30 ~1 of 
swollen PrA-Sepharose beads for 2 hr with rocking at 
4”, followed by 3 washes in buffer B. 

lmmunoprecipitation of ORF 1 a translation products 
from whole cell lysates 

Whole cell lysates, prepared as described above, 
were thawed on ice and DNA was sheared by 10 pas- 
sages through a 23-gauge needle. Debris was pelleted 
by centrifugation at 13,000 rpm for 10 min at 4”, and 
the supernatant was transferred to a fresh microfuge 
tube. Typically, 150 to 300 ~1 (1.25 to 2.5 X 1 O6 cells) 
was used for each immunoprecipitation reaction. Ly- 
sates were diluted to 1 ml in immunoprecipitation 
buffer, identical to the lysis buffer, but lacking SDS 
(buffer C), resulting in final SDS concentrations of 
0.1%. Lysates were precleared with preimmune 
serum-armed beads (30 ~1 per reaction) for 2 hr at 4”, 
the beads were pelleted, and the supernatant was 
transferred to a fresh microfuge tube and incubated 
with PrA-Sepharose beads armed with specific anti- 
sera. Following the incubations, the supernatant was 
discarded and the beads were washed 4 times with 
alternating high and low salt rinses (buffer B containing 
either 150 mM or 1 M NaCI). After rinsing, 50 ~1 of 2X 
Laemmli buffer (Laemmli, 1970) was added to the pel- 
leted beads, which was boiled for 5 min at 100” prior to 
electrophoresis of the supernatant, usually on 5-l 8% 
gradient SDS-polyacrylamide gels (gSDS-PAGE). 

ln vitro translation of A59 genome RNA in a rabbit 
reticulocyte lysate 

Purification of A59 genome RNA, translation in rabbit 
reticulocyte lysate, immunoprecipitation, and electro- 

TABLE 1 

ANTISERA USED FOR IMMUNOPRECIPITATION OF A59 ORF 1A PRODUCTS 

Antiserum Peptide type 
Peptide 
size (aa) 

cDNA for 
fusion spans 
nucleotides 

~P=P Oligopeptide 14 N/A 
81043 Fusion protein -400 2879-3968’ 
600A Fusion protein -466 5000-6486’ 

a Antisera were directed against fusion proteins encoded by 
cDNAs from these regions of gene 1 of MHV-A59. The exact 5’end 
of 600A cDNA has not been determined. 

phoresis were all performed as previously described 
(Denison et al., 1991). 

Molecular mass estimates of ORF 1 a polypeptides 

Estimates of molecular mass were derived by a modi- 
fication of the method described by Lamblin (Lamblin 
and Fine, 1979; Lamblin, 1978; Lamblin et a/., 1976). 
lmmunoprecipitation products were analyzed on 
4-100/o polyacrylamide gels in the presence of in- 
creased bisacrylamide (30% T/3.80/0 C) using as stan- 
dards nonreduced a2 macroglobulin, thyroglobulin, fi- 
brinogen, and IgM, as well as high molecular weight 
standards (SDS-GH, Sigma). A regression curve of log 
MW vs log %T was derived from standards and used to 
estimate the molecular weight and error of ORF la 
products. 

RESULTS 

lmmunoprecipitation of MHV-A59-infected cells 
with ORF la antisera 

A59-infected cells were labeled for 2 hr at late times 
of infection (6-8 hr). Whole-cell lysates were immuno- 
precipitated with antisera (up28p, 81043, or 600A (see 
Materials and Methods) and also with monoclonal anti- 
bodies to structural proteins N ((YN) and S ((YS) (Fig. 1). 
The nucleocapsid and spike proteins were easily de- 
tected at this time pi, consistent with the presence of 
virus-induced syncytia formation in the cell monolayer 
and increasing titers of MHV-A59 in the supernatant 
media. The polyclonal antiserum directed against a 
synthetic oligopeptide within the sequence coding for 
p28 ((~p28p) (Table 1) precipitated a 28-kDa polypep- 
tide, which migrated with the same mobility as p28 
synthesized during in vitro translation of A59 genome 
RNA. The 28-kDa band which was detected in infected 
DBT cells was not precipitated by preimmune serum, 
LYN, or &, nor was any band of similar mobility de- 
tected by (-up28p in uninfected DBT cells. Despite the 
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FIG. 1. lmmunopreciprtation of A59 ORF 1 a products. Immunopre- 
crprtates of [35S]met-labeled, A59-infected cells were analyzed by 
5-l 8% gradient polyacylamide gel electrophoresis (gSDSPAGE). 
Mock indicates mock-infected cells. Antisera are as described in 
Table 1 (01p28p, 81043, and 600A). Controls include preimmune 
sera (Pre), Protein A-Sepharose beads without antibody (PrA), and 
anti-N (aN mAb) and anti-S (c&mAb) monoclonal antrbodres. Molecu- 
lar mass markers are to the left of the gel and sizes of specific precipi- 
tation products are to the rrght of the gel, with arrows Indicating 
these products. 

long labeling period (2 hr) and the intensity of the label 
(200 &i/ml of [35S]met), only p28 was detected. No 
potential precursors to p28 were detected, with all 
larger bands being nonspecific products also precipi- 
tated by preimmune serum from infected and unin- 
fected DBT cells. Neither antiserum 81043 nor 600A 
detected ~28. This was expected since they were di- 
rected against sequences encoded downstream of 
p28 (Table 1, see also Fig. 6), and indicated that none 
of the downstream ORF la products was a p28 con- 
taining precursor. This was in contrast to the results 
from in vitro translation of A59 genome RNA, in which 
p28-containing precursors from 160 to 250 kDa were 
easily detected by ap28p (Denison et al., 1991). These 
results suggested that p28 was more rapidly cleaved in 
viva than in vitro. 

Antisera 81043 and 600A both detected major prod- 
ucts with molecular masses of approximately 290 kDa 
(p290) and 240 kDa (~240) as well as a large, heteroge- 
neous accumulation of radioactivity with electropho- 
retie mobility of greater than 400 kDa (Fig. 1). The sizes 
of these proteins were determined as described under 
Materials and Methods, with a mean error of 10%. An- 
tiserum 81043 detected a variety of smaller bands of 
approximately 168, 125, and 100 kDa. Neither cup28p 
nor 600A detected these polypeptides. Finally, anti- 

serum 81043 precipitated a polypeptide at 50 kDa 
(~50) which was not precipitated by cup28p. This prod- 
uct was variable in amount and migrated immediately 
above a nonspecific band between 46 and 50 kDa 
which was precipitated by all antisera utilized, includ- 
ing 81043 and 600A. P50 could only be detected as a 
discrete band by 8 1043 as is most clearly delineated in 
Figs. 3 and 5A. The detection of p50 by 81043 but not 
600A suggested that p50 was either located 5’to ~240 
or was a N-terminal cleavage product of a larger poly- 
protein spanned in part by 81043. 

Time of appearance of ORF la products 

DBT cells were infected at a high m.o.i. (50 PFU cell) 
at 4” for 1 hr to ensure complete, synchronous, and 
single cycle infection and were labeled with [35S]Met in 
the presence of actinomycin D for serial 1.5-hr periods 
from 0 to 9 hr. Syncytia were first observed on the 
infected cell monolayer at 6 hr pi and progressed to 
90-l 00% confluency by 8 hr pi. The first products spe- 
cific to ORF la were contained in a diffuse region of 
increased incorporation at the top of the gel, immuno- 
precipitated by antiserum 81043 (Fig. 2B). This hetero- 
geneous band was also detected using antiserum 
600A, but was not precipitated by aN, or (up28p (Figs. 
2A and 2C), nor by CUS (data not shown), supporting the 
conclusion that this was not nonspecific aggregation 
of structural proteins. By 3-4.5 hr pi, this heteroge- 
neous band of >400 kDa had increased significantly, 
and ~28, p290, and ~240 were readily detected. One 
additional polypeptide of approximately 170 kDa was 
precipitated by c~p28p (Fig. 2A, 4.5-6 hr). This band 
was also precipitated by preimmune rabbit serum in 
infected cells, at the same time point and from the 
same lysate (Fig. 2D), indicating that it was a nonspecif- 
ically precipitated product, possibly S, rather than a 
p28 containing precursor. Additionally, it was not seen 
at subsequent time points, nor in any other experi- 
ments using (up28p antisera. Nucleocapsid was also 
observed by 3-4.5 hr pi, well before the presence of 
virus-induced syncytia formation. All of the MHV-spe- 
cific products increased in amount during subsequent 
labeling periods, until 7.5-9 hr pi, when the amount of 
precipitated products was diminished. At this latter la- 
beling period there was decreased cell viability and 
loss of syncytia from the cell monolayer. 

Precursor-product relationships of ORF 1 a products 

In order to more completely define the precursor- 
product relationships among the ORF la products, 
pulse chase labeling of infected DBT ceils was per- 
formed at late times of infection, when synthesis of 
ORF 1 a products was maximal (50-600/o of monolayer 
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FIG. 2. Pulse labeling of ORF la polypeptides at different times 
postinfection. [?j]met was added to the media for 1.5.hr periods at 
the times pi indicated above the lanes. Lysates of infected cells were 
immunoprecipitated with antisera (A) ap28p, (B) 81043, (C) aN, and 
(D) prermmune rabbit serum, and analyzed by 5-l 8% gSDS-PAGE. 
“Mock” indicates mock-infected cells labeled from O-4 hr pi. Molec- 
ular mass markers are to the left of the gels. The estimated masses 
of specific immunoprecipitation products are shown on the gel. 

involved in syncytia formation). A59-infected cells were 
labeled with [35S]met for 20 min and then chased with 
excess cold methionine for O-l 20 min, lysed, and im- 
munoprecipitated with antisera (~p28p, 81043, or 
600A (Fig. 3). As in Figs. 1 and 2, ap28p precipitated 
only p28 with no detectable precursors. The amount of 
p28 detected remained constant up to 120 min of 
chase, with no evidence of processing or degradation. 
All three antisera detected a band migrating at 278 
kDa, just below the 290-kDa virus-specific ORF la 
product (Fig. 3, 15 min, 600A). This was a nonspecifi- 
cally precipitated cellular polypeptide, detected in in- 
fected and mock-infected cells by all antisera including 
preimmune serum (see also Fig. 1). At the end of the 
15-min labeling period (0 min lane), a majority of the 
labeled products precipitated by both 81043 and 600A 
were in the heterogeneous band of greater than 400 
kDa. The 290-kDa band was first detected by both an- 
tisera at 15 min of chase. Subsequently, the 240- and 

50-kDa products were first detected at 30 min of 
chase. Antiserum 600A detected the 290- and 240- 
kDa products, but not the 50-kDa product, consistent 
with the results in Figs. 1 and 2. The sizes of these 
products, as well as the late, simultaneous appear- 
ance of the 240- and 50-kDa products, suggested that 
they were derived from the 290-kDa polypeptide by a 
delayed cleavage reaction (50-90 min), with p50 as the 
amino terminal product and ~240 as the carboxy termi- 
nal. The 168-, 125-, and lOO-kDa polypeptides de- 
tected by 81043 appeared simultaneously at O-l 5 
min, suggesting that they were products of premature 
translation, which were not processed. 

Synchronized translation of p28 in infected DBT cells 

Since translation and processing of viral polypep- 
tides were not synchronous at late times pi, intracellu- 
lar translation of MHV RNA was synchronized with hy- 
pertonic NaCI, in order to confirm the kinetic relation- 
ship between the 28-, 290-, 240-, and 50-kDa ORFla 
products, (Fig. 4). The presence of excess (200-220 
mAY) NaCl has been shown to almost entirely block 
reinitiation of translation on mRNAs, without affecting 
polypeptide chain elongation or termination (Saborio et 
a/., 1974). In both uninfected and A59-infected DBT 
cells, 200 mM excess NaCl was necessary to com- 
pletely block incorporation of [35S]Met into cellular or 
viral polypeptides (Fig. 4A). This block appeared to be 
complete within 10 min of addition of excess NaCI. 
When [35S]Met was added at the time when the hyper- 
tonic block was removed and isotonic conditions re- 

MO15306090120MO1530w90120MO15306090120 

-97.4 

FIG. 3. Pulse chase labeling of ORF la products. At 7 hr pi, viral 
polypeptides were labeled for 15 min with [35S]Met, followed by a 
chase with excess unlabeled methionine for the times in minutes 
indicated above the lanes. Time 0 min indicates the end of the label- 
ing period. Cell lysates were immunoprecipitated with antisera as 
indicated above groups of lanes. Mock-infected cells (M) were la- 
beled for 15 min and chased for 60 min before lysis and immunopre- 
cipitation. Molecular mass markers are to the right of the gel. Spe- 
cific immunoprecrpitation products are indicated on the gel. 
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FIG. 4. Synchronized pulse-labeling of ORF 1 a products following hypertonic block. (A) [%]met Incorporation Into TCA precrprtable products In 
MHV A59-infected DBT cells following addition of hypertonrc NaCI. [%]Met was added at Time 0 mm and incubated wtth cells for 60 min. 
Excess NaCl was added 5 min after addition of label and maintained for the remarnder of the experiment. Final concentratrons of NaCl are shown 
along the curves of TCA incorporatron. (B) Uptake of [%]Met into TCA preciprtable products after removal of hypertonic block. [35S]met was 
added to cells in an isotonrc media followrng the removal of medra containing 200 mM excess NaCl (Trme 0 min). and samples were taken for 
TCA-precipitable counts at the times indrcated, erther in the absence orthe presence of continued hypertontc NaCI. (C and D) At 7 hr pi, infected 
cells were subjected to 200 mM excess NaCl for 30 min. followed by restoration of Isotonic condrtrons and the addrtlon of [%]met to the medra 
for the times in minutes rndtcated above the lanes (2.5-90). Infected cells lysates were immunopreclprtated with antiserum 01~28~ (C)or 81043 
(D). As a control, Infected cells were labeled for 90 min without hypertonic block (no block, -Bl) and rmmunoprecrpitated with erther np28p or 
81043 In addrtron, mock-infected cells (mock) were subjected to hypertonic block as above and labeled for 90 min prior to lysis and rmmunopre- 
ciprtation wrth ~up28p, 81043. or preimmune rabbrt serum (Pre). Molecular mass markers are to the left of the gels. Specific bands are indicated 
by arrows. 

stored, there was a delay of 7.5-l 5 min before signifi- and immunoprecipitation with wp28p, 81043, or preim- 
cant incorporation Into TCA precipitable products oc- mune serum. P28 was the only MHV product detected 
curred (Fig. 4B). The cells where the hypertonic block by ap28p (Fig. 4C). It was detected by 15 min after 
was maintained after addition of label showed no up- restoration of isotonic conditions, well before the much 
take during the entire labeling period. Based on these larger, 8 1043 precipitated heterogeneous band of 
initial experiments, 200 mNI NaCl was added to the ~400 kDa, which was first seen after 30 minutes of 
overlying media for 30 min, after which the hypertonic labeling (Fig. 4D). Although our preliminary experi- 
media was removed and the cells were labeled in iso- ments demonstrated a lag period before incorporation 
tonic media for Increasing periods of time, prior to lysis, of label recommenced, it was clear that no p28 con- 
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taining precursors were present even in conditions of 
synchronous translation, supporting the conclusion 
that p28 was cleaved prior to the synthesis of the 
downstream ORF la products. This was in marked 
contrast to our results from immunoprecipitation of 
pulse-labeled in vitro translation products of genome 
RNA, in which polypeptides of 60-220 kDa accumu- 
lated for up to 45 min before the first appearance of 
p28 (Denison and Perlman, 1986; Denison et al., 
1991). 

Following accumulation of label into the heteroge- 
neous band of greater than 400 kDa at 30 min of label, 
the 290-kDa band appeared abruptly at 60 min, fol- 
lowed by the simultaneous appearance of the 240-and 
50-kDa products by 90 min (Fig. 4D). These data sug- 
gested that the 290-kDa product was also a late cleav- 
age product of a larger precursor. p290 then required 
up to an additional 30 min for secondary cleavage into 
products of 240 and 50 kDa. The other virus specific 
polypeptides at 168, 125, and 100 kDa again gradually 
accumulated during the pulse-labeling period, butdem- 
onstrated no detectable precursor-product relation- 
ships, in agreement with the results of the non- 
synchronized translation. 

Effect of protease inhibitors on the cleavage of ORF 
1 a precursors 

The proteolytic cleavage patterns of ORF la prod- 
ucts were assessed by adding the protease inhibitor 
leupeptin to the infected cells at late times pi, but prior 
to the addition of [35S]Met label (Fig. 5A). Leupeptin, a 
low molecular weight (455 Da) reversible inhibitor of 
trypsin-like serine proteases, as well as some cysteine 
proteases, effectively blocks the proteolytic cleavage 
of p28 during in vitro translation of A59 genome RNA at 
concentrations of l-2 mM (Denison and Perlman, 
1986). Leupeptin has been shown to penetrate intact 
cells (Appleyard and Tisdale, 1985). MHVA59-infected 
DBT cells were labeled in media containing 2 mM leu- 
peptin followed by immunoprecipitation with preim- 
mune serum, c~p28p, 81043, or 600A. The cleavage of 
p28 in viva was not inhibited by the presence of up to 2 
mM leupeptin in the media. These results differed sub- 
stantially from those obtained in the cell-free rabbit re- 
ticulocyte lysate, in which the cleavage of p28 from its 
precursors was almost completely inhibited by 2 mM 
leupeptin (Denison and Perlman, 1986; Denison et al., 
1991), resulting in increased detection of p28-contain- 
ing precursors, specifically ~250. In contrast, the 240- 
and 50-kDa bands precipitated by 81043 in the ab- 
sence of leupeptin were not detected when ORF la 
products were labeled in the presence of leupeptin. An 
identical pattern was observed in the products precipi- 

tated by 600A, with the exception that the 50-kDa prod- 
uct was not detected by this antibody under any cir- 
cumstances. In addition, the 290-kDa band was signifi- 
cantly more dense in the presence of leupeptin as 
detected by both antibodies, as would be expected if 
its cleavage into products of 240 and 50 kDa were 
prevented. Finally, the 168-, 125-, and 1 00-kDa prod- 
ucts were not altered in electrophoretic mobility nor 
relative amount detected by the addition of leupeptin to 
the cells, supporting the conclusion that these were 
minor products derived from premature termination of 
translation rather than post-translational cleavage. 

Since the cleavages of p28 and the 290-kDa product 
were not detectably inhibited by leupeptin, the experi- 
ment was repeated, instead using E64 (Sigma), a spe- 
cific, irreversible cysteine protease inhibitor, and also 
using ZnCI,, which completely inhibits p28 cleavage in 
vitro at 1 mM concentrations (Denison and Perlman, 
1986; Denison and Perlman, 1987). E64 had no detect- 
able effect on the proteolytic processing of any of the 
identified ORF la products (data not shown), even 
though it is a small MW inhibitor and has been shown 
to be able to penetrate cells (Gordon and Seglen, 
1989). It is not clear whether this lack of inhibition was 
the result of insensitivity of the protease activities to 
E64 or was due to insufficient intracellular concentra- 
tions. Zinc chloride had a very low working concentra- 
tion range in the media, with 0.05 mM producing no 
inhibition of cleavages of the ORF 1 a products and 0.2 
mM causing visible toxicity to the cell monolayer and 
almost complete inhibition of translation of MHV poly- 
peptides. At a ZnCI, media concentration of 0.1 mM, 
there was a decrease in detectable ~28, as well as the 
appearance of a new band of >320 kDa (Fig. 5B). A 
polypeptide of identical mobility was also detected by 
antisera 81043 and 600A in the presence of 0.1 m&I 
ZnCI,, the only band which was detected by all three 
antisera, suggesting that ZnCI, to a limited extent inhib- 
ited the cleavage of p28 from the growing polyprotein 
precursor, resulting in a product which contained epi- 
topes recognized by each of the three antisera. 

DISCUSSION 

This report represents the first description of the pro- 
cessing of p28 in MHV-infected cells, as well as the 
first description of intracellular ORF la products en- 
coded downstream of ~28. ORF 1 a products were eas- 
ily detectable by 3 hr pi and continued to be synthe- 
sized throughout the infectious cycle in increasing 
amounts until late in infection, when there was a dimi- 
nution of the amounts detected. Gene 1, ORF 1 a prod- 
ucts should be the first proteins synthesized after un- 
coating of the virion RNA in the cytoplasm, and the 
failure to detect them prior to 1.5 hr pi was probably 
due to the low copy number of input genome RNA avail- 
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FIG. 5. Inhibition of proteolytic cleavage of ORF 1 a precursors. (A) At 7 hr pi, leupeptrn (2 mM) was added to the supernatant media for 30 mm 
prior to the addition of [%S]Met for an additional 90 min. Cell lysates were immunoprecrpitated wrth antisera as indicated above the lanes. 
Infected cells were labeled in the presence (+) or the absence (-) of leupeptln. Mock-infected cells(M) were labeled in the absence of leupeptin. 
Preimmune serum (Pre) was used as a control. Predicted molecular masses of specific ORF 1 a products are to the right of the gel, with arrows 
indicating the respective bands. Molecular mass markers are to the left of the gel. (8) Infected cells were labeled with [%lmet in the absence (-) 
or presence (+) 0.1 mn/l zinc chloride. Lysates were precrprtated with antisera (~p28p, 81043, or 600A as indicated above groups of lanes. 
Specific ORF 1 a products are Indicated. Bold arrowheads indicate product of 320-350 kDa seen in the oresence of zinc chloride. 

able for translation. These data suggest a model in 
which small amount of ORF la gene products are 
translated from input genome RNA until 1.5-3 hr pi, 
when copies of genome RNA begin to be transcribed 
and become available as templates for translation of 
ORF 1 a products, allowing much greater quantities to 
be produced. This model is supported by the fact that 
nucleocapsid protein, the product of subgenomic 
mRNA 7, demonstrated similar kinetics of appearance. 
A model of translation of ORF 1 a products from prog- 
eny genome RNA is also supported by studies which 
have demonstrated that continuous cfe nova protein 
synthesis is necessary for efficient RNA synthesis dur- 
ing virus replication (Sawicki and Sawicki, 1986; Perl- 
man et al., 1987). It is also possible that the increased 
detection late in infection of all ORF 1 a products may 
have been partially the result of intracellular accumula- 
tion, since it was demonstrated that all of the polypep- 
tides were stable for at least 2 hr. The terminal diminu- 
tion in amounts detected probably resulted from loss of 
cell numbers and viability late in infection, since at that 
time 100% of cells were involved in syncytia and were 
beginning to be lost from the plate. 

Synthesis and processing of p28 

Data from in vitro translation of MHV-JHM ORF la 
transcripts indicate that p28 is cleaved in vitro by a 
cis-autoproteolytic mechanism (Baker et a/., 1989). We 

were unable to analyze the initial cleavage events in 
infected cells, since at earliest times pi the quantity of 
ORF 1 a products present was below the level of detec- 
tion by the available antisera. It is therefore quite possi- 
ble that the cleavage of p28 in A59-infected cells at 
very early times pi may occur by an autoproteolytic 
mechanism similar to that described during in vitro 
translation. However, the data presented here indicate 
that intracellular processing of p28 at late times pi may 
be effected by an additional or alternative mechanism. 
We detected no p28containing products of 140 to 180 
kDa, in viva, which would be necessary to span the 
predicted papain-like protease regions (Lee et a/., 
1991). The antiserum crp28p detected only p28 under 
all conditions of labeling and immunoprecipitation uti- 
lized, supporting the conclusion that early, rapid cleav- 
age of p28 was the predominant method of genesis 
late in infection. In contrast, the processing of p28 from 
larger N-terminal precursors is easily detected in the 
rabbit reticulocyte cell-free translation system, in 
which p28 is clearly not cleaved in vitro until at least 
160 kDa of protein has been synthesized (Denison and 
Perlman, 1986; Soe et a/., 1987; Baker et al., 1989). 
We were able to detect in vitro all p28containing pre- 
cursors up to 250 kDa utilizing cup28p and thus do not 
believe that epitope masking could account for the lack 
of p28 containing-precursors in vivo in our experi- 
ments. 
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Another difference between the processing of p28 in 
vitro and in viva was the sensitivity of its cleavage reac- 
tion to inhibition by protease inhibitors. During the in 
vitro translation of A59 genome RNA, the cleavage of 
p28 is sensitive to inhibition by leupeptin, with essen- 
tially complete inhibition of proteolysis occurring at 2- 
mM concentrations. In contrast, the cleavage of p28 in 
infected cells was unaffected by leupeptin, even 
though leupeptin was clearly able to penetrate cells 
and inhibit the cleavage of other ORF 1 a precursor poly- 
peptides. Both of the predicted papain protease activi- 
ties, as well as a predicted 3C-like protease in ORF 1 a 
of JHM, are postulated to be cysteine proteases, which 
should be inhibited by leupeptin or E64. There is not 
yet enough data to determine whether this rapid cleav- 
age of p28 resulted from intramolecular self-cleavage 
of ~28, such as that described in several of the non- 
structural proteins of the picornaviruses (Krausslich 
and Wimmer, 1988; Palmenburg, 1990) from one of 
the described ORF 1 a cis-protease activities (Baker et 
a/., 1989) which may be acting in Vans within the in- 
fected cell, or from an as yet unrecognized viral or cel- 
lular transacting protease. 

Synthesis and processing of ORF la products 
downstream from p28 

The products of ORF la in A59-infected DBT cells 
appear to be derived from a large polyprotein precursor 
through at least three independent proteolytic events 
(Fig. 6). The first event was the cleavage of p28 from 
the growing polypeptide chain. Translation on the ge- 
nome RNA template continued with the synthesis of a 
variety of products greater than 400 kDa in size. It is 
not clear whether these large precursors terminated at 
the end of ORF 1 a or were composed of ORF 1 a-lb 
fusion polypeptides. It is possible that both were pres- 
ent, based on the demonstrated efficiency of ribo- 
somal frameshifting in the coronaviruses (Brierley et 
a/., 1987; Breedenbeek et a/., 1990; Lee et a/., 1991). 
The probability that ORFl a-l b fusion protein precur- 
sors are synthesized is also supported by the fact that 
up to 60 min of labeling was required for discrete 
ORFl a products other than p28 to be detected, which 
was ample time for translation of almost the entirety of 
ORFl a and ORFl b. The polyprotein was cleaved at 
45-60 min into a primary product of 290 kDa. This 
primary cleavage product was subsequently proteo- 
lyzed into secondary products of 50 and 240 kDa. 

Such hierarchical proteolytic patterns have been 
well described both for the alphaviruses (de Groot et 
a/., 1990) and the picornaviruses. Analysis of the JHM 
ORF la sequence does not predict any regions with 
similarity to the conserved alphavirus cleavage sites 

[G, (A, C, G), (A, G, Y)] which could account for the ORF 
1 a products identified. However, there are several re- 
gions of the ORF 1 a sequence with similarity to known 
picornavirus 3C protease substrate sites. One of these 
sites, the lys-arg (KR) at aa 3160-3161, was previously 
described as a potential cleavage site for the putative 
3C-like protease activity in ORF 1 a (Lee et a/., 1991). A 
polypeptide extending from the predicted C terminus 
of p28 to the KR dipeptide at 3160 would have a mass 
of approximately 323 kDa. This is substantially larger 
than the 290-kDa polypeptide actually precipitated by 
antisera 81,043 and 600A and suggests that either 
p290 is cleaved at a more 5’ cleavage site or that an 
additional cleavage product exists between p28 and 
~50, which cannot be detected by the antisera utilized 
(Fig. 6). This latter possibility is supported by the fact 
that for p50 to be detected by 8 1043, its carboxy ter- 
minus would have to extend beyond aa889, thus leav- 
ing a gap of approximately 30-60 kDa between the C 
terminus of p28 and the N terminus of ~50. We specu- 
late that a product of this size may be the first product 
cleaved from the polyprotein chain of greater than 400 
kDa, after the cleavage of p28 but prior to the cleavage 
of p290. 

The specific proteases responsible for the intracellu- 
lar cleavages of ORF la polyprotein precursors have 
not been identified, but several predictions can be 
made based on the ORF la sequence, the kinetics of 
synthesis and processing of ORF la, and the demon- 
strated sensitivities of the proteolytic events to inhibi- 
tors. The cleavage of p290 from a precursor polypro- 
tein was a delayed event even at late times of infection, 
suggesting that it may have occurred by an intramolec- 
ular or cis proteolytic activity. It is reasonable to postu- 
late that cis proteolysis by the predicted 3C-like pro- 
tease may have been responsible for the cleavage into 
p290, since it resides between aa and 3652 of 
ORF 1 a, and since greater than 400 kDa of polypeptide 
was translated before the cleavage occurs in the in- 
fected cell. The same reasoning applies to the late 
cleavage of p290 into p50 and ~240, with the excep- 
tion that this cleavage was quite susceptible to inhibi- 
tion by leupeptin, suggesting that either an entirely dif- 
ferent protease may have been responsible for this de- 
layed cleavage, or that a conformational change may 
have been necessary before cleavage could occur. 

Intracellular translation and processing of ORF la 
products appears to differ from that which occurs dur- 
ing in vitro translation in rabbit reticulocyte lysates, 
where the major N-terminal ORF la products were 
~28, ~220, and ~250 (Denison and Perlman, 1986). 
Differences in nonstructural protein synthesis in vitro 
and in infected cells have been described for other 
RNA viruses, such as poliovirus. However, in the case 
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FIG. 6. Suggested model of ORFl a translation and processing in MHV A59-infected cells. The size of ORF 1 a, the sequences spanned by the 

antisera (8 1043 and 600A), the predicted sizes of the proteins, and the possible cleavage sites are all shown to scale. General alignment of 
polypeptides is based on antisera specificity and has not been confirmed by protein sequencing, and thus the exact relationships must be 
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sites which could account for products of the szes identified. Nonfilled triangles indicate possible cleavage sites for which no dipeptides have 
been suggested in the literature. None of these cleavage sites has been experimentally confirmed. The times required for the individual 
cleavages to occur are shown to the left of the diagram. The kinetics of the >320-kDa band, seen by all three anttsera only in the presence of 
protease inhibltor, has not been determined. The hatched rectangle adjacent to p290 Indicates a postulated product of 30-60 kDa, which was 
not Identified by the antisera In this study (see Dtscusslon). 

of poliovirus the difference in intracellular and in vitro 
synthesis is attributable to internal initiation of transla- 
tion in the in vitro system (Dorner et al., 1984). This 
does not appear to be the case with MHV, since initia- 
tion of ORF 1 a translation appears to be primarily N-ter- 
minal in vitro. The reason for the difference in the pat- 
tern of ORF 1 a polypeptide synthesis in vitro and in viva 
is not yet clear. In order to more effectively elucidate 
the differences, we are performing in vitro translation 
using lysates derived from cells permissive for MHV 
replication. 
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